The rapid separation of a triacylglycerol positional isomer (TAG-PI) pair was examined via highperformance liquid chromatography-atmospheric pressure chemical ionization tandem mass spectrometry using an octacocyl silylation (C28) column. A TAG-PI pair binding two palmitic acids and one fatty acid that structurally differs from palmitic acid was separated at 10 and 15 using acetone as the mobile phase. However, the TAG-PI pair binding two unsaturated fatty acids and one saturated fatty acid was not separated by the C28 column. The results indicate that the structures of the two palmitic acids (saturated fatty acids) and the other fatty acid at the α or β position in TAG play an important role in the separation of the TAG-PI pair, and that the structure of the fatty acid needs to be considerably different from that of the palmitic acid, specifi cally in terms of the chain length or the location of the double bond.
INTRODUCTION
Triacylglycerol TAG , which is composed of three fatty acids and a glycerol, is a major component of natural edible oils and fats 1 . The combination of three fatty acid species in TAG and the binding positions of the respective fatty acids on glycerol strongly affect their physical properties. For example, cocoa butter, which is used in manufacturing chocolates, contains symmetric TAGs having two saturated fatty acids palmitic acid and stearic acid at the α position and one unsaturated fatty acid oleic acid at the β position 2 . These molecular species of TAG strongly contribute to the physical properties of chocolate. Milk fat is extremely important for infant nutrition. The main component of milk fat is TAG in which short-and medium-chain fatty acids are characteristically bound at the α position 3 . The mean melting point MP of human milk fat is approximately 27 4 ; the MP contributes to the stabilization of milk fat emulsion, and it can be adjusted by varying the combination of the three fatty acids in TAGs 5 . In addition, it is known that in human milk fat, the palmitic acid in TAG is mainly bound at the β position on the glycerol backbone 2, 6, 7 . TAG molecular species having the same fatty acid composition can be classified into TAG positional isomers TAG-PIs depending on the binding positions of the respective fatty acids to the glycerol 8 10 . For example, there are two TAG molecular species with the combination of two palmitic acids Ps and one oleic acid O on the glycerol backbone, i.e., TAG with P located at the β position β-PPO and TAG with O located at the β position β-POP 11 . Different TAG-PIs generally have different physical properties. For example, the polymorphic behavior of symmetric Abbreviations: APCI, atmospheric pressure chemical ionization; C, caprylic acid; C28, octacocyl silylation; D, docosahexaenoic acid; E, eicosapentaenoic acid; HPLC, high-performance liquid chromatography; MP, melting point; MRM, multiple-reaction monitoring; MS, mass spectrometry; O, oleic acid; ODS, octadecylsilane; P, palmitic acid; PI, positional isomer; Rs, resolution factor; S, stearic acid; TAG, triacylglycerol e2695, Waters Corporation, Milford, MA , an ultraviolet UV -visible light detector 2489 UV Visible Detector, Waters Corporation , and an APCI-MS system Quattro micro API, Waters Corporation . The operational software MassLynx Ver. 4.1 Waters Corporation was used for HPLC-APCI-MS/MS.
Acetone 100 was used as the mobile phase at a fl ow rate of 1.0 mL/min. The separations of β-POP/β-PPO and β-OPO/β-OOP were examined via APCI-MS/MS at column temperatures of 10, 15, 20 and 25 . The ion source parameters were as follows: polarity, APCI positive; corona current, 3.0 μA; source temperature, 120 ; desolvation temperature, 450 ; cone gas fl ow, 50 L/h; desolvation gas fl ow, 200 L/h; and data acquisition mode, multiple reaction monitoring MRM . The protonated molecule M H and M-RCO 2 ion at m/z 834 and 578 for PPO or m/z 860 and 578 for OOP were chosen as the parent and daughter ions, respectively, for the MRM mode. The cone voltage and collision energy were 40 V and 24 eV, respectively.
Resolution of β-POS/β-OSP/β-SPO
The standard solutions of β-POS, β-OSP, and β-SPO presented in Table 1 were adjusted to 1000 μg/mL, and the mixed solutions β-POS/β-OSP/β-SPO, β-POS/β-OSP, β-OSP/β-SPO, and β-SPO/β-POS were prepared by mixing equal amounts of the standard solutions. A 10-μL aliquot of the solution was injected into the system. Table 1 were adjusted to 1000 μg/mL, and the mixed solutions of β-PDP/β-PPD, β-DPD/β-DDP, β-PEP/β-PPE, β-EPE/β-EEP, and β-PCP/β-PPC were prepared by mixing equal amounts of the standard solutions. A 5-μL aliquot of the solution was injected into the system.
Acetone 100 was used as the mobile phase at a fl ow rate of 1.0 mL/min. The separations of β-PDP/β-PPD, β-DPD/β-DDP, β-PEP/β-PPE, β-EPE/β-EEP, and β-PCP/ β-PPC were examined at a column temperature of 15 using a UV-visible light detector 205 nm . β-PCP/β-PPC was examined by APCI-MS/MS because the sensitivity of the UV-visible light detector to TAGs consisting of only saturated fatty acids was insuffi cient. The ion source parameters were the same as those given in section 2.2.1. The data acquisition mode was MRM. The protonated molecule M TAGs largely differs from that of asymmetric TAGs, and a binary mixture of symmetric and asymmetric TAGs, such as a mixture of β-PPO and β-POP, forms molecular compounds 12 . Moreover, the binding position of fatty acids strongly infl uences TAG digestion and absorption 13 . Therefore, it is important to analyze TAG-PIs.
Silver-ion high-performance liquid chromatography HPLC can be used for TAG-PI separation. Although the elution order of TAG molecular species conforms to the normal-phase mode, the retention is greatly affected by the number, geometry, and position of double bonds because of the interaction of π electrons of the double bonds with the silver ions. Furthermore, the column temperature alters the retention times of TAG molecular species, but the degree of this effect is dependent on the intermolecular positions of the double bonds. The elution order of β-OOP and β-PPL depends on the column temperature 14 . The characteristics of the elution order of silver-ion HPLC differ from those of reversed-phase HPLC, in which the elution order of TAG molecular species depends on the acyl-chain length and the number of double bonds 15 . We have previously reported that β-OPO/β-OOP and β-POP/β-PPO can be separated using a recycle HPLC system equipped with a non-endcapped polymeric octadecylsilane ODS column 8 . However, this method requires more than 150 min to separate the TAG-PIs.
We have recently found that an octacocyl silylation C28 column at low temperatures can rapidly separate TAG-PI pairs having two saturated fatty acid moieties such as Ps. In this study, the resolution ability of the C28 column for several types of TAG-PIs was examined.
EXPERIMENTAL PROCEDURES 2.1 Chemicals and materials
The standard TAG-PIs listed in Table 1 were manufactured in-house Tsukishima Foods Industry Co., Ltd., Tokyo, Japan . All other reagents were purchased from Wako Pure Chemical Industries, Ltd. Osaka, Japan . The C28 column Sunrise C28, 4.6 mm i.d. 250 mm, 5 μm was purchased from ChromaNik Technologies Inc. Osaka, Japan . Table 1 , were mixed and dissolved in 2-propanol. The mixed solutions of β-POP/β-PPO and β-OPO/β-OOP were each adjusted to 100 μg/mL, and a 5-μL aliquot of the solution was injected into an HPLC-atmospheric pressure chemical ionization APCI -mass spectrometry MS /MS system. The system comprised a C28 column, an HPLC system Alliance H and M-RCO 2 ion at m/z 724 and 552 were chosen as the parent and daughter ions, respectively, for the MRM mode. The cone voltage and collision energy were 15 V and 20 eV, respectively.
Calculation of resolution factor
The resolution factor Rs was calculated from the following equation 16 .
where t R1 and t R2 are the retention times and W 1 and W 2 are the widths of the first-and second-eluted peaks, respectively. In general, the separation is evaluated as follows: Rs 1.00 at 98 resolution, Rs 1.25 at baseline resolution 99.5 resolution , and Rs 1.50 at complete resolution.
RESULTS AND DISCUSSION
The separation of a TAG-PI pair was examined using acetone as the mobile phase because acetone dissolves TAG and keeps the pressure of the reversed-phase HPLC system relatively low. Acetone is also suitable for the purpose of this study in that the TAG-PI pair can be separated in a short period. The resolution of β-POP and β-PPO at four column temperatures was examined, and the results are shown in Fig. 1 . The retention time of β-POP and/or β-PPO gradually increased with decreasing column temperature. The resolution of β-POP and β-PPO was not confi rmed at 25 , and their incomplete resolution was observed at 20 . The separation of β-POP and β-PPO was observed at the other column temperatures. Elution was completed within 22 min at 15 and 32 min at 10 ; therefore, 10 and 15 are thought to be optimal column temperatures for the separation of this TAG-PI pair using a C28 column. The chromatograms of other AAB-type TAG-PI pairs are shown in Fig. 2 . In addition, Rs values are summarized in Table 2 . The results indicate that a C28 column is capable of separating a TAG-PI pair binding two saturated fatty acids. However, a TAG-PI pair binding two unsaturated fatty acids and one saturated fatty acid, such as β-OPO and β-OOP, was not separated by the C28 column data not shown even though the pair can be separated by a silver-ion column or a polymeric ODS column. In addition, β-POS was separated from β-OSP or β-SPO by the C28 column, but the separation of β-OSP and β-SPO could not Table 1 Structures of TAG-PI used in this study. Fig. 3 . The results indicate that the structures of the two palmitic acids saturated fatty acids and the other fatty acid at the α or β position in TAG play an important role in the separation of the TAG-PI pair, and that the structure of the fatty acid needs to be considerably different from that of the palmitic acid, specifi cally in terms of the chain length or the location of the double bond.
The hydrophobic interaction of the C28 alkyl chain with a saturated fatty acid moiety of TAG could explain the mechanism for the separation of TAG-PIs having two saturated fatty acids by assuming that the C28 stationary phase strongly interacts with long-chain saturated fatty acids P or S . The mechanism of TAG-PI resolution by the C28 column is presumably different from those by the silver-ion column and the polymeric ODS column because the C28 column does not discriminate between the structural properties of different TAG-PIs having two unsaturated fatty acids. Because the silver-ion column discriminates between TAG-PIs having different number and positions of double bonds, it can separate the β-OPO/β-OOP pair. In the case of the polymeric ODS stationary phase, the slot model explains the separation mechanism of TAG-PIs 8, 17 . The difference between C28 and ODS columns is the length of alkyl groups. It is likely that the C28 alkyl chain strongly interacts with saturated fatty acid moieties of TAG, such as P or S, through hydrophobic interaction. Moreover, the C28 alkyl chain is suffi ciently long to interact with the double chain of saturated fatty acid moieties of β-PPO Fig. 4 . This interaction is possibly stronger than that between the C28 alkyl chain and the single chain of a saturated fatty acid moiety of β-POP. This difference in hydrophobic interactions of C28 with these TAG-PIs may affect the retention In the case of the separation of β-POP and β-PPO, the peak tailings on the C28 column are less severe than those on a polymeric ODS column. Thus, a large amount of analyte can be loaded into the C28 column. Although both the C28 column and silver-ion column give symmetric peak shapes 18 , the use of the C28 column makes it easy to predict the elution order of β-POP/β-PPO and other TAG molecular species because the C28 column behaves as a stationary phase for the reversed-phase mode.
CONCLUSION
The rapid separation of a TAG-PI pair, binding two palmitic acids and one fatty acid largely different from the palmitic acid, was realized by HPLC using a C28 column at 10 and 15 with acetone being used as the mobile phase. Furthermore, the separation of the TAG-PI pair using this column has a major advantage over that using a silver-ion column or a polymeric ODS column in that a large amount of samples can be loaded into the C28 column. Fig. 3 Resolution of β-POS, β-OSP, and β-SPO using C28 column. Column, Sunrise C28 (4.6 mm i.d. 250 mm, 5 μm); column temperature, 15°C; mobile phase, acetone; flow rate, 1.0 mL/min; detection, APCI-MS (full scan mode, m/z range of 300 1000).
Fig. 4
Assumption of the mechanism of β-POP and β-PPO resolution using C28 column.
